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A series of economical and flexible fabrics were prepared using high-strength polyester yarns with differ-
ent fabric structures, weft density and number of layers. The effect of these factors on quasi-static punc-
ture resistance was comparatively studied. The failure mode of the fabrics was analyzed with SEM
photographs. Findings indicate that the structure and the weft density affected the quasi-static puncture
resistance property of the fabrics, the plain fabrics had better puncture resistance property than twill and
satin fabrics. The max puncture force and puncture energy of the plain fabrics with 160 yarn/10 cm
reached the max values which were 107.43 N and 0.44 J, respectively. The number of layers had a linear
relationship to quasi-static puncture resistance. The contact pressure and friction of the probe against the
fibers were the main hindrance during the quasi-static puncture process and the breakage of the fibers
during the penetration was caused by the bend and tensile deformation.
 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Body armor is not only used to defend against threats from bul-
lets and sharp knives, but some spikes could also threaten our
safety. There is a wide use of body armor to protect the hands
and feet of the workers from the puncture hurt in some special
industries, such as architecture, fire protection and forestry. Many
years ago, some rigid materials such as metal sheet, ceramic plate,
or titanium foil were inserted in armor inter-layer to resist against
puncture attacks, but they are bulky, inflexible and uncomfortable
to wearers [1]. As the invention of high performance fibers, there is
an innovation in the manufacture of soft body armor. Many
researchers have focused on studies about stab and puncture resis-
tance of soft body armor, ranging from fabric manufacture [2–4],
experimental investigation of stab resistance property [5–8], ana-
lytical model and FEM [9–13] and the STF treatment [14–20]. In
all these studies, the materials selected to manufacture the fabrics
or preforms are almost high strength and high modulus fibers, such
as carbon fibers, aramid fibers and the ultra high molecular weight
polyethylene (UHMWPE) fibers, etc. All these materials are rela-
tively expensive for the civilian use, especially for the workers in
the developing countries. In some specific application fields, the
protection level is not that high and we could use some othermaterials as the replacement of these expensive fibers. Therefore,
the feasibility of using the more cost-effective materials such as
high strength polyester is worth further research.
This paper focuses on effects of the structure, weft density and
number of layers on quasi-static puncture resistances of the fabrics
which are prepared with high-strength polyester yarns, and dam-
age mechanism during the quasi-static puncture process.Materials and methods
Materials
The high-strength polyester yarns used in the experimental
were purchased from Zhejiang Guxiandao Industrial Fiber Co.,
Ltd, China, had fineness of 280dtex/48f. The single-yarn strength
of the yarns was measured using Instron 5565 Universal Tester
(Instron, USA) and the tensile strength and elongation at break of
the yarns was 6.29 ± 0.29 cN/dtex and 14.48 ± 0.68%, respectively.
The fabrics used in the test were manufactured by the rapier
loom for sample weaving. High-strength polyester yarns were used
as the warp and weft yarns. Plain, twill and satin are the most basic
three fundamental types of textile weaves. In the plain weave, the
warp and weft yarns are aligned to form a interlacing pattern. Each
warp yarn crosses the weft yarn by going over one, then under the
next weft yarn, and so on. In the twill(2/1) which is usually read as
‘‘two up, one down twill”, the numerator indicates one warp yarn
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indicates the warp yarn going under the next weft yarn, and so
on. The satin(5/3) weave is characterized by the warp yarns float-
ing over the weft yarns. Floats are missed interfacings, where the
warp yarn lies on top of the weft in the warp-faced satin or vice
versa. The numerator indicates the cycle number of the weave is
five and the denominator indicates the ‘‘fly number” which means
the interval of the interlacing point is three.
The structure, warp and weft density, and the single layer areal
density for the fabrics are given in Table 1. The images of fabrics
with increased weft density and different structures are shown in
Fig. 1.Quasi-static puncture tests
Quasi-static puncture test was measured using Instron 5565
Universal Tester (Instron, USA) attached with a probe and was
developed according to the standard GBT 12017-1989. A probe
was mounted on the test instrument which is shown in Fig. 2a.
The probe moved at 25 mm/min. The photo of the probe used in
the test is shown in Fig. 2b, the shaft radius was 0.50 mm and con-
ical angle of 60, the max radius was 2.25 mm and the length of the
probe was 60–70 mm. Fabric samples were 50 mm  50 mm and
placed between two circular plates with 30 mm-diameter hole in
the center. Load versus displacement curves were recorded and
used for comparison of material performance. Three specimens
were measured in each kind of fabric.
Fig. 3 illustrates the difference between quasi-static puncture
resistance test results for the same specimen. The height between
point b1 and b2 reflects the difference of the puncture force when
the tip of the probe has just penetrated the fabric. This is because
the radius of the tip is small and there might be a different location
when the tip touches the fabric. If the tip is just on the top of the
yarn, it is not easy for the probe to penetrate the fabric. On the
opposite, if the tip punctures the inter-yarn spacing, it is compar-
atively easy to go through and the puncture force is smaller. There-
fore, point b is not suitable to represent the puncture resistance
property of the fabric. But the value of point c which is named as
the max puncture force is almost the same, so it is used to evaluate
the quasi-static puncture resistance property of different fabrics.SEM observation
The damage morphology of the fabrics and cross section of the
broken fibers were observed by Quanta-450-FEG Field EmissionTable 1
Specifications of the test fabrics.
Label Structure Warp and weft density
(yarn/10 cm)
Single layer areal density
(g/cm2)
P120 Plain 330  122 136.53
P140 330  141 148.81
P160 330  160 157.08
P180 330  178 157.88
P200 330  200 160.77
T120 Twill(2/1) 330  122 135.43
T140 330  140 138.21
T160 330  161 147.88
T180 330  182 153.53
T200 330  201 157.04
S120 Satin(5/3) 330  124 152.41
S140 330  141 153.58
S160 330  162 162.64
S180 330  185 167.62
S200 330  203 193.45Scanning ElectronMicroscopy (FEI, USA) at the accelerating voltage
of 5 kV.Results and discussion
The analysis of the puncture process
In the previous researches about the analysis of the puncture
process, Termonia [21] defined it in 4 stages, but in the first stage,
Termonia hadn’t noticed the situation that the needle tip may just
puncture at the inter-yarn spacing. In order to describe the process
more reasonably, the process is proposed based on the magnitude
change of the puncture force instead of the type of the force and
the contact situation of the needle tip.
Fig. 4 shows the stress–strain curve of P120 specimen when the
probe penetrates the woven fabric. The puncture occurs in 3
stages:
(1) The penetration is beginning at point a when the probe tip
touches the upper surface of the woven fabric, the puncture
force is increasing continuously until the tip pierces the sur-
face of the fabric, resulting in the sudden drop of the load.
(2) At bc section, the tip of the probe pushes the yarns aside
when the probe continuously moves down. The conical por-
tion of the probe has contact pressure with the yarns and the
moving down causes yarn slippage which is called ‘window-
ing’ [22]. The stress at bc section sharply rises with several
sudden drops that are caused by the random location of
the tip on the fabric. The tip touches different places, the
angle between friction, puncture force and the contact pres-
sure differs and the balance between these three forces
breaks at a different time.
(3) When the conical portion goes through the woven fabric, the
area of fabric damage does not increase. The stress reaches
the maximum at point c and the stress goes down after that
point.
Effects of fabric structure and weft density
As the weft density increases, max puncture force and puncture
energy of the fabric with different structures are revealed in Fig. 5.
As seen in Fig. 5a, the max puncture force reinforces with weft den-
sity increases for plain, twill and satin structures. When the weft
density was 160 yarn/10 cm, the force reached max value which
was 107.43 N. Furthermore, the puncture resistance property of
plain is apparently better than other two structures. The puncture
energy has the similar pattern with the puncture force which is
depicted in Fig. 5b. The max value 0.44 J of puncture energy was
got at 160 yarn/10 cm for plain fabric either and it was notably
higher than others. Fig. 5 also reveals that the max puncture force
of plain, twill and satin fabrics with weft density 200 yarn/10 cm
was improved by 159.97%, 327.14% and 489.85% respectively com-
paring with weft density 120 yarn/10 cm and the puncture energy
of the fabrics was improved by 145.92%, 301.40% and 426.37%.
The improvement of puncture resistance property with
increased weft density could be attributed to two reasons. Firstly,
as seen in Table 1, the warp density is a fixed value, so the tight-
ness of fabric increases with the rise of weft density. This enhances
the difficulty of the slippage of the probe tip into the inter-yarn
spacing. And the higher tightness also effects the downward move-
ment of the probe. Secondly, the number of yarns which contact
with the probe increases as the weft density improves, leading to
larger pushing force and friction strength to probe during the
puncture process.
Fig. 1. Images of fabrics with different weft densities and structures.
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Fig. 2. Quasi-static puncture instruments (a) and the probe for test (b).
Fig. 3. Comparison of the puncture process for the same specimen.
Fig. 4. The stress–strain curve for the puncture process.
Fig. 5. Max puncture force (a) and puncture energy (b) of fabrics with different weft
density.
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558 Q.-S. Wang et al. / Results in Physics 6 (2016) 554–560The plain structure is more tight than twill and satin structures
at the same warp and weft density. The plain structure also has
more interlacing point and the slippage of the plain fabric is less
than others, so the quasi-static puncture resistance property of
plain fabrics is better than twill and satin fabrics [4].
Effect of number of layers
As mentioned above, weft density is significantly related to
quasi-static puncture resistances of the fabrics. Furthermore, as
the number of layers increases, puncture resistances of fabrics with
different structures are revealed in Fig. 6. As seen in Fig. 6, the max
puncture force and the puncture energy of all three structures are
positively correlated with the number of the layers. Apparently,
the puncture resistance of plain fabrics is better than others. When
number of layers reached four, the max puncture force and the
puncture energy of plain fabric had the highest values, 369.19 N
and 1.34 J respectively.
The fitting relations of max puncture force (Y) and puncture
energy (Y0) of fabrics with regard to number of layers (X) are plot-
ted in Fig. 7, respectively as:
Yp ¼ 19:21þ 87:92X ð1ÞFig. 6. Max puncture force (a) and puncture energy (b) of multiple-layers fabrics.Yt ¼ 51:71þ 78:67X ð2ÞYs ¼ 42:71þ 53:52X ð3ÞY 0p ¼ 0:12þ 0:30X ð4ÞY 0t ¼ 0:19þ 0:28X ð5ÞY 0s ¼ 0:15þ 0:18X ð6Þ
As can be seen, there is an obvious linear relation between max
puncture force, puncture energy and number of layers. On compar-
ing Eqs. (1)–(3), it was found that the plain fabrics had a bigger lin-
ear slope than others, and a similar pattern was found in the Eqs.
(4)–(6). This indicates that the the plain structure performs better
when laminating the fabrics. The contribution rate of laminating of
plain was 10.52% and 64.28% higher than twill and satin for the
max puncture force and the data were 7.14% and 66.67% for punc-
ture energy.Fig. 7. Max puncture force (a) and puncture energy (b) of fabrics as related to the
number of layers.
Fig. 8. SEM photos of plain fabrics before (a) and after (b) the puncture damage and
the observation of the fibers (c).
Fig. 9. Schematic diagram of penetration
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Fig. 8 displays SEM observations of specimen P160 before and
after quasi-static puncture damage. Yarns breakage and fibers
pushing aside have been found in Fig. 8b and c. Fig. 9 shows the
damage of the yarns and fabrics during the quasi-static puncture
process. The yarns didn’t show deformation before of the tip of
the probe touched the fabric. When the penetration depth of the
probe increased, the yarns which were nearby the tip bent and
the contact pressure and the restrain force on the yarns rose dra-
matically. As seen in Fig. 9c the yarns at the center break and the
surrounding yarns have an obvious bending and some yarns are
huddled together. According to the previous studies, the friction
between probe and fibers had a remarkable affect on the stab resis-
tance property of the fabrics.
From the above, the contact pressure and friction of the probe
against fibers had the main hindrance function on the penetration
process and finally there was a hole left in the fabric. Fig. 8c shows
the cross section of the broken fibers, and the surface was more
rough compared with the fibers of the fabric undergoing the knife
stab test. Apparently, the shearing action is not the main failure
model of probe puncture and the breakage of the fibers is caused
by the bend and tensile deformation.Conclusions
In all previous studies, high performance fibers which are rela-
tively expensive are always used as the materials for manufactur-
ing puncture resistance materials. And this study is aimed at
exploring the feasibility of using the more cost-effective materials
to prepare puncture resistance fabrics for more wide use.
This study successfully prepared economical and flexible fabrics
for resisting against quasi-static puncture attacks. The structure,
the weft density and the number of layers affected the quasi-
static puncture resistance property of the fabrics. The optimal
parameters of one layer fabric is plain fabric with weft density
160 yarn/10 cm. With the constant weft density, number of layers
had a linear relation to quasi-static puncture resistance and the
contribution rate of laminated plain fabrics was higher. The contact
pressure and friction of the probe against fibers became the main
hindrance during the quasi-static puncture process and the break-
age of the fibers during the penetration was caused by the bend
and tensile deformation.
This study only shows experimental investigations of quasi-
static puncture resistance of the neat fabrics whose fabric structure
is simple. In the following, we will deeply study the quasi-static
and dynamic puncture resistance of 3D woven fabrics impregnated
with STF.process for the damage mechanism.
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